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ABSTRACT
In this research, increasing the sustainability of polymers was investigated
through two main methods. The upcycling of poly(vinyl chloride) and the creation of
polymer mimics to create degradable low-density polyethylene.
In the first chapter, an overview of the sustainability issues of polymers is
presented and approaches are described on how their sustainability may be increased
through the upcycling of polymers or the synthesis of degradable polymers that mimic
the properties of petrol-based polymers.
Chapter 2 contains the progress on the upcycling of PVC using high oleic soybean
oil. Soybean oil can soften PVC making it less brittle than pure PVC. This chapter also
contains the current progress in modifying PVC into a pressure sensitive adhesive.
Chapter 3 contains the progress to make mimics of LDPE polymer using long
chain aliphatic polyesters to improve degradability while using monomers with built in
branching to disrupt polymer chain stacking. The synthesis of diol monomers used in the
polycondensation reaction, the polymerization, and the characterization of the polymer to
show whether it is a PE mimic are given.
Chapter 4 is a summary of all the work presented in this thesis as well as an
outlook on the projects moving forward.
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CHAPTER 1
INTRODUCTION
1.1 Polymer End of Life
As plastics continue to be manufactured and used at a higher rate than ever, the
problem of plastic waste is more prominent now than ever before; the amount of resin
produced went from 2 million metric tons per year in the 1950s to 380 million in 2015.1
Since the 1950s when plastic production began there have been 6500 million metric tons
of plastic waste generated; the fate of much of this waste is one of two outcomes: ending
up in landfills or in the ocean.1 The most common polymers are produced from petroleum
based monomers. The sourcing of the monomers being nonrenewable, and the single use
of these polymers poses a large risk due to the environmental impact of both synthesis
and end of life waste. In addition to the issue of plastic waste seeping into many different
ecosystems around the world as micro plastics there is the issue of nonrenewable
resources in the synthesis of the most common plastics. The petroleum-based polymers
are from a finite resource; thus, we need to find a way to circumvent if plastic production
continues to grow. The most common way to tackle the issue of plastic waste is through
recycling but that isn’t an option with many of the most produced plastics in the world.
1.2 Polymer Recycling
Plastic recycling has become more prevalent in recent years than before, yet most
single use plastics are still left as waste and not recycled. Since 2006 the amount of
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plastic recycled has increased 64%.2 The most commonly recycled polymer is PET
(Figure 1.1) but the recovery rate is only 19.5%.3

Figure 1.1: Structure of Polyethylene
terephthalate
This means that while the plastic can be recycled and reused only 19.5% of the
produced plastic is being recycled. The recovery rates for the other most common plastics
are all 10% or below. There are many factors that contribute to the low recovery rates
including lack of recycling options and proper sorting. Recycling polymers like PE and
PVC, which make up 48% of all non-fiber polymers produced1, is either difficult and
costly or impossible due to degradation during the process.

Figure 1.2: Structures of
Polyvinyl Chloride and
Polyethylene
Recycling polymers can be done in two ways: either mechanical or chemical
recycling. Mechanical recycling is the most common strategy for most hard plastics and
involves grinding the polymer down into small particles to be remelted and cast again
into the desired products. The major drawback of mechanical recycling comes from the
degradation that can happen during the recycling process as well as lifetime degradation.2
Thermal-mechanical degradation is caused by the heating and mixing processes involved
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with reprocessing the plastics. This degradation can cause bond scission in the polymers,
resulting in the change of molecular weights. Changes in molecular weights can cause
significant changes to the mechanical properties of the polymers. This type of
degradation can be mitigated using additives, but additives must be added during every
recycling thus increasing the recycling cost. Lifetime degradation is similar to the
thermal-mechanical breakdown but with the addition of oxygen groups to polymers due
to the presence of air during the reactions. Chemical recycling involves breaking the
polymer down into individual monomer units to be repolymerized or used for new
purposes such as fuel or oils.
The issue with recycling PVC is the high chlorine content in the polymer and
often the presence of harmful additives. When doing mechanical recycling the issue is the
release of HCl into the machinery. An additional issue of mechanically recycling PVC is
the release of harmful additives in plasticized PVC. Chemical recycling does not work
well due to dehalogenation that occurs when degrading the polymer. PVC cannot be
broken down to use in oils or fuel due to the low tolerance of chlorine in oils and fuels.
The presence of chlorine in fuels and oils causes engine corrosion and harms the lifespan
of the engine. Under heat PVC readily undergoes dehalogenation producing polyolefins
and HCl. The final issue with the recycling of PVC is the production of HCl gas. The
generation of HCl gas can cause damage to machinery and thus the machinery needs to
be made of more chemical resistant metals.
PE also has issues with recycling, namely chemical recycling the polymer back to
monomers requires extreme temperatures along with specialized catalysts and does not
yield high monomer concentration in return. Mechanical recycling works well on HDPE
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due to the rigid nature of the polymer, but LDPE is rarely mechanically recycled because
the softer properties of the polymer lead to the polymer getting stuck and jamming
machinery. These polymers being unable to be recycled means two of the most common
polymers in the world are completely unsustainable.
1.3 Polymer Upcycling
One solution to plastic pollution is upcycling rather than recycling the plastic to
improve its value and repurpose it. Upcycling is done through the chemical modification
of a polymer to give it new properties or improve the properties already present in the
plastic. One key aspect of choosing a polymer for upcycling is ease of modification of the
chosen polymer. PVC can be easily modified because the chlorines of the repeat unit can
undergo substitution reactions. Kameda et al. covered a range of nucleophiles that readily
reacted with PVC to undergo nucleophilic substitution.4 One of the most common
nucleophiles to use in these substitution reactions is sodium azide; this is due to the
versatility afforded by this functional group through the azide-alkyne “click” reaction.5,6
The click reaction has been used to further modify PVC in several ways from attaching
phthalate plasticizers to prevent leaching out, attaching UV absorbent molecules to
prevent photoaging or attaching a C60 bucky ball allowing PVC to be used as a
photodetector.7–9
1.4 Polymer Mimics
Another solution to help mitigate plastic pollution comes from making degradable
polymer mimics. One of the most researched polymer mimics is PE mimics. There have
been several groups working to make PE mimics using several strategies and structures10–
12

. The intention behind the approaches is to make a polymer with long aliphatic regions
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but have a small number of degradable groups to allow for the breakdown of the polymer.
The main problem in the synthesis of PE mimics has been achieving high enough
molecular weights to mimic the mechanical properties of PE. In 2021, Mecking et al.
were able to synthesize HDPE mimics using long chain aliphatic polyesters.13 They were
able to achieve high molecular weight polymer that was also easily degradable under the
mild conditions. This marked the first time high molecular weight was reached when
making a PE mimic; the polymers also mimic the mechanical and thermal properties of
HDPE very well.
1.5 Motivation
The goal of this thesis is research to make polymers more sustainable through
upcycling polymer waste and making degradable polymers to limit waste generation.
Towards this goal, I worked on upcycling PVC using copper-based azide-alkyne “click”
reactions and synthesizing new LDPE mimics. In upcycling PVC, the PVC waste was
modified using soybean oil derived side alkynes that should have a plasticizing effect due
to the bulkiness of the group. Recently, increasing the sustainability of PSAs has been a
topic of interest, which motivated us to attempt upcycling PVC to a PSA. Groups have
begun upcycling materials such as diapers into PSA through simple modifications.14
In creating degradable PE mimics, LDPE was chosen rather than HDPE mimics due
to the lack of research thus far on the material. HDPE is the focus of most prior research.
The difficulty in synthesis comes from the need for LDPE to be sufficiently branched.
LDPE has a lower density due to its branching structure, but it must be controlled to
avoid too much branching that would harm the properties of the material by making it too
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soft. These two paths towards making polymer more sustainable could help improve the
issue growing plastic pollution.
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CHAPTER 2
POLYVINYL CHLORIDE UPCYLING
2.1 Introduction
In this chapter upcycling PVC using high oleic soybean oil is covered. The
modification was done through azidation of the polymer followed by the addition of the
soybean oil via copper-based azide alkyne click chemistry.15 The modified PVC showed
a change in mechanical properties by becoming softer with the addition of the long
aliphatic chains from the soybean oil. Additionally, this chapter covers the progress on
making a pressure sensitive adhesive out of PVC through modification with soybean oil
as well as other small molecules to make hard and soft regions of the polymer.
2.2 Results and Discussion
Synthesis of Azide Modified PVC The first step of upcycling PVC was the modification of
the PVC with sodium azide. (Figure 2.1) PVC was modified to varying degrees using
sodium azide at different molar ratios. Sodium azide was chosen due its versatility for
further modification, most importantly the copper-based azide alkyne Huisgen
cycloaddition16.

Figure 2.1: Synthesis of PVC modified with Azide
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The molar ratio of the sodium azide varied from 1:0.25 to 1:1 repeat unit to
sodium azide. The substitutions varied from 25% azide on the polymer to 80% azide
attached. High conversion of the reaction was difficult to achieve due to the polymer
cross linking at high concentrations of azide in a short period of time The crosslinking
was observed based on a loss of solubility in the polymer and the polymer swelling when
placed in solvent. Most crosslinking was observed above 60% conversion of chlorine to
azide. Crosslinking is thought to be caused by the high concentration of azide in the
polymer, but the mechanism of crosslinking is unknown. NMR spectroscopy was used to
determine the substitution of the PVC, the integrations of the methylene next to the
chloride was compared to that of the methylene next to the azide. FT-IR spectroscopy
was used to observe the appearance of the azide peak around 2100 cm-1. (Figure 2.2 &
2.3)

Figure 2.2: 1H NMR spectra of PVC modified with sodium azide in
DMF-d7
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Figure 2.3: FT-IR specta of PVC and PVC
modified with sodium azide. Azide peaks
appears at 2100 cm-1
Synthesis of Alkyne via Transesterification The alkyne used in the click reaction with the
PVC was synthesized via a transesterification reaction between propargyl alcohol and
high oleic soybean oil under basic conditions. (Figure 2.4) Soybean oil was chosen due to
its large abundance and renewability. This synthesis provided an array of products with
the most common being oleic acid. The three main products produced from this reaction
are oleic acid based, palmitic acid based and linoleic acid based.17 The reaction is
confirmed using NMR and FT-IR; with the appearance of a peak associated with the
alkyne proton in both spectra.(Figure 2.5 & 2.6)

Figure 2.4: Transesterification of high oleic soybean oil with propargyl alcohol
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Figure 2.5: 1H-NMR of soybean oil after transesterification with propargyl
alcohol
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Figure 2.6: FT-IR spectra of soybean transesterification
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Copper based Azide Alkyne Click: The final modification of the PVC was an AzideAlkyne Huisgen cycloaddition (Figure 2.7)18. This reaction is a formation of a triazole
ring through the reaction of an alkyne with an azide. When catalyzed via copper and a
base the reaction achieves quantitative yields it is referred to as a “click” reaction. This
“click” reaction coined by Barry Sharpless16 was chosen due to the versatility of the
reaction and the ease in achieving high reaction yields.

Figure 2.7: Copper based click between azide PVC and
Modified soybean oil
Sub

The use of a copper catalyst also ensures that the 1,4 product is produced from the
reaction and not a mixture of the 1,4 and 1,5 products.16 The 1,4 product is desired
because it allows the side chains to run more
parallel to the main chain providing greater
disruption to chain packing. The DBU is used in the
Figure 2.8: 1,4 and 1,5 Triazole
Substitution

reaction as a nonnucleophilic base that will

deprotonate
the alkyne during the reaction. The click reaction was confirmed using both
Sub
NMR and IR spectroscopy. The disappearance of the alkyne proton was observed in the
NMR (Figure 2.9) while the disappearance of the azide stretching observed in the IR
(Figure 2.10). The aromatic proton associated with the triazole ring was very broad in the
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NMR spectra, but the disappearance of the peaks associated with the azide in the IR and
NMR was evident enough to confirm that the reaction was successful. The “click”
reaction made the polymer softer and easier to cut than pure PVC. It also increased the
solubility of the polymer.

CDC
CDCl3
L3

Figure 2.9: 1H-NMR spectrum of modified PVC post "Click" in CDCl3

Figure 2.10: FT-IR spectra of modified PVC
post "Click" and PVC modified with sodium
azide
12

Thermal and Mechanical Properties of Modified PVC: Once the PVC was modified using
the copper-catalyzed azide alkyne click reaction the properties of the polymer were
characterized. Tensile tests were done using PVC modified with 54% to 25%
substitution. Films were cast and stress strain measurements were done by stretching the
films at 1mm/min until breakage. Differential Scanning Calorimetry (DSC) was taken to
see how the modification effects the transition temperature of the polymers. These results
were compared with the pure PVC. Figure 2.11 shows the stress strain curve for modified
PVC with 54% substitution 25% substitution and pure PVC. The modified PVC is much
softer and has a lower tensile strength than the pure PVC. The modified polymers have
lower strain than the pure PVC. This result is expected due to the chains being less likely
to entangle therefore letting the chains slips past each other more. The results of the
tensile test showed a plasticizing effect on the polymer while also lowering the ability to
hold up to strain. The added ductility shows then the modification has made the polymer
softer.
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Figure 2.11: Stress-Strain Curves of Pure PVC, 54% azide
conversion and 25% azide conversion PVC
The DSC of the modified polymers (Figure 2.12) shows a reduction of Tg. The Tg
of pure PVC is around 80 ℃ where the modified PVC both 54% and 25% have a Tg
around 45-50 ℃. The decrease in Tg of the modified polymer is due to the added large
soybean oil chains causing chain packing to be disrupted. This disruption lowers the
threshold at which long chain cooperative motion can begin. This property is expected
due to the softening of the polymer in stress strain tests. The soybean oil had a
plasticizing effect on the PVC thus making it a covalently linked plasticizer that is not
susceptible to leaking out of the polymer. The modification did significantly lower the
strength of the polymer. This can be seen by the area under the curve in figure 2.11 being
significantly reduced when the polymer was modified
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Figure 2.12: DSC of Pure PVC and 54% modified PVC.
DSC shows a decrease in Tg from around 83℃ to around
50℃.
Attempts to Make PVC Adhesives Once the PVC had been modified with the soybean oil
the focus of the upcycling was shifted to making PVC into an adhesive, more specifically
a pressure sensitive adhesive like that of tapes. To achieve this goal a few strategies were
employed; these strategies were focused on giving the polymer hard and soft regions to
mimic the structure of acylate based PSAs which uses high Tg monomers and low Tg

15

monomers. This allows for the polymer to have chain to chain interactions from the high
Tg or hard monomers and the longer side chains from the lower Tg or soft monomers
allow for better wetting and surface interaction. Figure 2.13 shows the most common soft
and hard monomers used in PSAs.

Figure 2.13: Structures of most common acrylate-based
PSA monomers
The first method was to increase the conversion of the substituition reaction with
sodium azide. The goal was to increase the amount of soybean oil in the polymer which
would allow for more soft regions of the polymers. The soybean oil acts as the soft region
to the polymer that has long aliphatic regions that are capable of interacting with a
surface. The chloride groups of the PVC act as a hard region to the polymer, but do not
provide any chain-to-chain interactions like acrylate acid with hydrogen bonding. This
removal of as many chloride groups as possible will eliminate a group that does not
participate in the adhessive properties of the polymer. When high conversion of the
azidation was achieved issues with achieving full conversion of the azide in the click
reaction appeared. Additionally PVC with high a concentration of azide caused cross
linking in the polymer lowering the solubility of the PVC modified with azide and
causing subsequent modification to be impossible.
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The second method to implement hard and soft sections to the polymer was based
on adding small amounts of propargyl alcohol to the click reaction to add in some groups
that allowed for hydrogen bonding between the polymer chains. (Figure 2.14)

Figure 2.14: Modification of PVC with propargyl alcohol and
modified soybean oil
1 mol% of propargyl alcohol and 99 mol% of soybean oil were added via “click”
to the reactions. A low amount of alcohol was added to avoid solubility issues from
hydrogen bonding between chains but the resulting polymer had similar properties to
those of the original soybean oil only modified polymers. Propargyl alcohol and soybean
oil reactions failed to reach full conversion leaving unreacted azide groups on the
polymer. Addtionally propiolic acid (Figure 2.15)was clicked on in place of the progargyl
alcohol.

Figure 2.15: Modification of PVC with propiolic acid and
modified soybean oil

The resulting products of both the propargyl alcohol and propiolic acid reactions
had lower solubilty making characterization difficult. Figure 2.14 shows the IR spectra of
17

PVC modified using soybean oil and propargyl alcohol. The spectra shows the increased
prescene of alcohols stretching at 3200 cm-1 and the prescene of the azide stretching at
2100 cm-1.
IR of Modified PVC with propargyl alcohol and soybean oil
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Figure 2.16: FT-IR spectra of PVC modified with soybean
oil, 1% propargyl alcohol, and 5% propargyl alcohol
The third method to create a PSA from PVC was done through reacting PVC with methyl
3-mercaptopropanoate. (Figure 2.15)

Figure 2.17: Modification of PVC using 3-mercaptopropanoate
The idea behind this pathway was modifying PVC with a group that could under go
transesterification to produce a softer side chain. This approach took inspiration from the
modification of acyrclic acid based polymers to make PSA.19
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Figure 2.18: Transesterification of modified PVC
Initial attempts to modify the PVC using the thiol and potassium carbonate led to an
insouble red polymer that, based on the FT-IR a large amount of the ester was hydrolyzed
to a carboxylic acid (Figure 2.17). The current strategy to attach the thiol to the PVC is
through converting the thiol to a thiolate using sodium hydride to increase the
reactivity.20 The increased nucleophilicity of the thiolate should allow it to react with the
PVC unlike before.

Figure 2.19: FT-IR of PVC modified with
3-mercaptopropanoic acid
2.3 Conclusions
This chapter covers the progress made for the upcycling of PVC using soybean
oil. The soybean oil was able to be added to the PVC through a copper-catalyzed azide
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alkyne click reaction. The reaction was able to achieve quantitative yields and produced a
polymer that had much softer properties than that of unmodified unplasticized PVC.
Based on mechanical test the polymers modified with the soybean oil were significantly
softer than pure PVC. This shows that the modification of PVC with soybean oil could be
a pathway to PVC with a covalently linked plasticizer. The benefit of this modification is
the prevention of plasticizer leakage that is an issue with phthalate-based plasticizers. The
modification also lowered the Tg of the polymer by around 30 ℃; this effect is expected
with the soybean lowering the threshold for cooperative chain movement through the size
of the new side chains preventing chains from being as close to one another.
This chapter also covers the attempts to modify PVC into a pressure sensitive
adhesive. The attempts are focused on mimicking the structure of acrylate-based
polymers by giving the polymer a hard region in which hydrogen bonding can create
chain to chain interactions while a soft region is used to provide a low Tg region of the
polymer with good peel and strong surface interactions through entanglement. When the
PVC was modified with the soybean oil as well as a group that promoted hydrogen
bonding, the solubility of the polymer was lowered as well as the polymers being hard
once dry. Moving forward PVC will be modified with small molecules to mimic the
structure of PSA and achieve high conversion of the PVC to the new modified PVC.
2.4 Experimental
Azidation of PVC using NaN3: To a round bottom flask added PVC (1 equiv) purchased
from Sigma Aldrich (Mn=22,000 g/mol, Mw= 42,000 g/mol) followed by DMF. Heated
the flask to 60℃ and let stir until the PVC dissolved. Once PVC was dissolved weighed
out Sodium Azide (1 equiv) and added it to the round bottom followed by 3 drops of
20
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water to help the sodium azide dissolve. The reaction stirred at 60 ℃ for 24 hours or until
desired conversion is achieved and precipitate polymer into methanol three times. 1HNMR (300 MHz, DMF) δ 4.58 ( J = 156.9, 32.4 Hz, 100H), 4.02 (d, J = 150.6 Hz, 33H).

Figure 2.20: 1H-NMR spectrum of PVC modified with NaN3
showing 53% conversion
Transesterification of Soybean oil with Propargyl Alcohol: To a round bottom add high
oleic soybean oil and let stir at 100℃ for 1 hour while purging with N2. Cooled flask to
60℃ and added propargyl alcohol (3 equiv) followed by the sodium methoxide (0.01
equiv). Let reaction stir at 60℃ for 4 hours before extracting with DCM and brine.
Evaporated the solvent off along with excess propargyl alcohol to isolate the final product.
1

H NMR (300 MHz, CDCl3) δ 5.43 – 5.25 (m, 2H), 3.67 (s, 1H), 2.33 (dt, J = 14.9, 7.5 Hz,

2H), 2.01 (q, J = 6.3 Hz, 3H), 1.55 (s, 1H), 1.43 – 1.16 (m, 18H), 0.97 – 0.75 (m, 3H).
Copper Based Azide Alkyne “Click”: Add Copper I (0.01 equiv) and modified PVC (1
equiv) to a round bottom and vacuum and flush with N2. Added dry THF to the round
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bottom and allow mixture to stir until modified PVC dissolves. Added alkyne (1 equiv)
and DBU (0.01 equiv) to the round bottom and let the reaction stir at 30℃ for 24 hours.
Added 2 wt% EDTA in water solution to the quench the reaction and precipitated the
polymer into methanol three times. 1H NMR (300 MHz, CDCl3) δ 7.83 (s, 1H), 5.17 (d, J
= 5.1 Hz, 19H), 5.09 – 4.69 (m, 25H), 2.64 (d, J = 13.2 Hz, 54H), 2.16 (s, 39H), 1.83 (q, J
= 6.2 Hz, 56H), 1.44 (s, 30H), 1.27 – 0.91 (m, 243H), 0.70 (t, J = 6.4 Hz, 47H).
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CHAPTER 3
SYNTHESIZING LOW-DENSITY POLYETHELENE MIMICS
3.1 Introduction
This chapter covers the progress in the synthesis of LDPE mimics using
polycondensation between long aliphatic esters, diols, and diols with branched chains.
The goal of this research is the create polyesters that can mimic the properties of LDPE
while also being recyclable under the correct conditions. The synthesis of branched diols
was done though the amidation of the aminodiols to produce short diol compounds with
amides off the main chains. These short diols were polymerized along with 1,18octadecanediol and 1,18-octadecanoate to produce polymers with tunable properties
based on branching percentage.
3.2 Results and Discussion
Synthesis of Short Diols: The monomers used in the synthesis of our LDPE
mimics are diols with side chains like tert-butyl and n-butyl. (Figure 3.1) The reason
these monomers were chosen is due to the bulkiness the side chains. These side chains
would disrupt the chain packing making the polymer more like LDPE. These diols were
synthesized using an amidation reaction to selectively react an anhydride with the amine
in a diol.21 LDPE differs from HDPE due to its branching nature that prevents the chains
from stacking, lowering the melting point. All monomers were recrystallized using DCM
to reach a purity needed for use in polycondensation. Purity of the monomers must be
higher than 99%.
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Figure 3.1: Synthesis of Diol for polycondensation with long chain
diester
Synthesis of 1,18-octadecanediol: The synthesis of this diol was done via a reduction of
1,18-octadecanoate using lithium aluminum hydride. (Figure 3.2)

Figure 3.2: Synthesis of 1,18-Octadecanediol via
reduction of 1,18-Octadecanoate
The structure was confirmed by NMR (Figure 3.3) and IR (Figure 3.4) to see the
disappearance of the protons on the ester carbon in NMR and the disappearance of the
carbonyl stretching in IR. The diol product was recrystallized using ethanol to reach the
purity needed for use in polycondensation.
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Figure 3.3: 1H-NMR spectra of 1,18-octadecanediol(bottom) and 1,18octadecanoate(top) in DMSO-d6
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Figure 3.4: IR spectra of 1,18-octadecanediol and
1,18-octadecanoate
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Polycondensation of PE Mimics: The polymerization between diol and 1,18octadecanoate was carried out following a similar method to the Mecking group on the
production of HDPE mimics.13

Figure 3.5: Synthesis of LDPE Mimics using 1,18-octadecanoate and 1,18octadecanediol
Polymerizations was first done using a short diol with side chains, 2-methyl-2propylpropane-1,3-diol, and the 18-carbon diol, 1,18-octadecanediol. These
polymerizations set the boundaries for a mostly branched and a fully linear polymer so
that the properties of our blended polymers could be compared to a purely linear polymer
and a highly branched polymer.
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Figure 3.6: FT-IR spectra of PE mimic, Diol, and Diester as
starting materials
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The polycondensation polymerizations were done in bulk with only a small
amount of solvent present to dissolve the catalyst. The catalyst is necessary to increase
the reactivity of the esters through coordination with the carbonyl oxygen. This increased
reactivity allows for the transesterification reaction to proceed more easily to achieve
high molecular weight polymer. After polymerization the polymers are flexible solids
even at elevated temperature. The removal of the catalyst is done through precipitating
the polymer in xylenes and cold isopropanol while the reaction is still hot to avoid the
polymer solidification with the catalyst trapped in the chains thus reducing solubility.
Figure 3.6 shows the FT-IR spectra of the polymer and the spectra the monomers used in
the polymerization. The alcohol peak present in the diol spectra at 3200 cm-1 is absent in
the polymer spectrum indicating the diol was consumed or evaporated out of the reaction.
NMR was able to confirm the presence of polymer based on the peaks shown in Figure
3.7 at 3.82 ppm. This peak correspond to the methyl ester of the diester. The integrations
from these peaks indicate a polymer with 62 repeat units and Mn around 32 kg/mol.
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Figure 3.7: 1H-NMR spectrum of HDPE mimic in
tetrachloroethane-d2 at 125 ℃
The target molecular weight for these polymerizations is 70-80k g/mol. The lower
molecular weight could be caused by impurity in the monomers. These early
polymerizations were done to ensure polymer were produced under our reaction
conditions. Thus far polymerization using only 2-methyl-2-propylpropane-1,3-diol have
failed to produce polymer. This is due to the diol being too volatile at 180 ℃ and being
pulled out of the reaction when vacuum is applied. Once the conditions for
polymerization with the short diol have been optimized then polymerizations using more
the short than long diols can be explored. This will allow for better tuning of properties
for the PE mimic to create mimics with properties more similar to that of LDPE or
HDPE.
Characterization of PE mimics: Characterization of the polymers proved difficult due to
low solubility. The polymers are slightly soluble in some solvents at high temperatures.
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Due to this limitation determining molecular weight of the polymers proves extremely
difficult. DSC was done on the polymers to determine melting point and crystallization
point. Figure 3.9 shows the melting point of polymerization between the octadecandiol
and the long diester yielded a melting point of 92 ℃. This polymerization was done as a
test of conditions for the polymerizations. The goal was to mimic Mecking’s work to
create a HDPE mimic. Mecking et. al. produced HDPE mimic with melting points close
to traditional HDPE with a melting point around 100 ℃. Our polymer had a lower
melting point indicating lower molecular weight, but it also showed an increase of 44 ℃
in melting point from the starting diester indicating polymer was formed. The lower
molecular weight was confirmed via NMR after DSC was taken.

Figure 3.8: DSC curves of PE mimic and Diester starting material
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3.3 Conclusions
This chapter covers the work on the synthesis of long aliphatic spaced polyesters
that can mimic the properties of PE due to sparsity of ester groups. The synthesis and
characterization of the monomers was covered. The polymerization produced polymers
but due to constraints in characterization of length of the polymers is currently difficult to
determine. The thermal properties indicate that polymers were produced with comparable
melting points to traditional PE indicating higher molecular weight polymer may have
been produced. Moving forward degradation studies will be done on the polymer similar
to that of Mecking et. al.22 These studies will be done through heating the polymer in
methanol to produce monomers from the polymer. The methanol should preform a
transesterification of the polymer allowing it to reform the diols and diester used in the
polymerization. Following degradation tests recyclability of the monomers can be tested
by repolymerizing recovered monomers. The results of this project shows promise with
making new PE mimics.
3.4 Experimental
Transamidation of diols: Added diol (1 equiv) and dioxane to a round bottom
flask and heated to 80℃. Added the anhydride (2 equiv) and let reaction reflux overnight.
Removed reaction from heat and rotovaped solvent off. Added ethanol or DCM to
product for recrystallization. Placed in freezer overnight to crystalize, filtered and washed
with hexanes. 1H-NMR (400 MHz, DMSO) δ 7.42 (d, J = 7.9 Hz, 1H), 4.56 (t, J = 5.5 Hz,
2H), 3.70 (dd, J = 13.6, 5.7 Hz, 1H), 3.38 (t, J = 5.6 Hz, 4H), 2.05 (t, J = 7.3 Hz, 2H),
1.57 – 1.41 (m, 2H), 0.84 (t, J = 7.4 Hz, 3H).
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Figure 3.11: 1H-NMR of OB-diol (N-(1,3-dihydroxypropan-2-yl)butyramide)
Reduction of 1,18-Octadecanoate to 1,18-Octadecanediol: To a dry round bottom flask
LAH (5 eq) was added followed by dry THF suspension was allowed to stir at 0℃.
Added the diester (1eq) into the suspension and refluxed the reaction at 85℃ for 3 hours.
Quenched reaction with ethanol, methanol, and water before filtering off the LAH and
washing with warm THF. Recrystallized product using toluene.
Polycondensation: To a flame dried round bottom flask added diester (1eq) and diols (1
eq). Attached round bottom to a flame dried condenser with 50℃ water running through
condenser and filled with N2. Added titanium(iv) n-butoxide (0.042 mol%) in toluene and
placed the reaction in a 180℃ oil bath. Over the course of 6 hours lowered the pressure
of the reaction from 675 torr to 7 torr lowering the pressure 8 torr every 4 minutes. Once
pressure was reached reaction was allowed to run for 12 more hours. When 12 hours had
passed, xylenes were added to the flask and the polymer was precipitated out into IPA
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CHAPTER 4
SUMMARY AND OUTLOOK
This thesis has summarized the efforts to improve the sustainability of polymers
through two main methods: the upcycling of PVC and the synthesis of PE mimics. The
sustainability of these two polymers is incredibly important due to the volume of polymer
produced and the unsustainable nature of the monomers used. Both polymers have poor
recyclability. The methods chosen to improve the sustainability are based on the ease of
PVC modification and the work previously done to create high MW HDPE mimics.13
The upcycling of PVC was done to improve the value of PVC through chemical
modification using the versatile copper-catalyzed azide alkyne “click” reaction and a
sustainable biobased molecule sourced from soybean oil. This was done through the
azidation of PVC followed by “clicking” on the soybean oil. The added long aliphatic
side chains caused the polymer to become much softer than pure PVC. Additionally, it
caused considerable color change from the white to brown. The mechanical properties of
the polymer showed softening with the stress at break and the elongation reduced with
the addition of the large soybean chains. This softening is a sign that the modification
acts as a plasticizer for the polymer. Along with the plasticizing effect of the soybean oil
on the PVC, attempts were made to create a PSA from PVC. The pathway to make a PSA
is based on balancing high Tg sections of the polymer that
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promotes chain to chain interactions and low Tg sections that have long aliphatic chains
that can interact with the surface. The balance of these sections is what makes the
polymer able to wet a surface while also not being so soft as to just release from the
surface with little force. The attempts to create a PSA were focused on using soybean oil
as the soft region while incorporating a hard region as well via the “click” reaction used
to attach the soybean oil. These efforts were not successful due to solubility issue in the
polymers post modification. These solubility issues come from the click reaction not
reaching full conversion allowing the polymers to cross link. Other strategies being
employed involve the use of a thiol with a methyl ester that would allow substitution of
the PVC with the thiol followed by further modification of the ester group to create the
soft and hard side chains. Moving forward this project should aim to get high conversions
for the substitution reactions to lower the number of chlorides in the polymer.
Additionally, the epoxidized soybean oil could be subsequently mixed with a polymer to
allow epoxy resin formation. This strategy would form a permanent adhesive instead of a
pressure sensitive removable one but could still provide a pathway to make an adhesive
from PVC.
The synthesis of LDPE mimics using long aliphatic ester and diols is focused on
making a polymer that can be easily degraded under select conditions. The progress of
the project was the synthesis and purification of the monomers necessary for the
polycondensation reaction. Polymerizations were completed to test the reaction
conditions to find whether polymer similar to the Mecking group can be produced. The
polymers have melting points like that of HDPE and NMR is able to show the presence
of polymer through end group analysis. Moving forward this project will first test the
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mechanical properties of the polymers and compare them to those of HDPE and LDPE to
figure out whether the polymers share mechanical properties. Once the mechanical
properties are complete and the polymerization conditions are ideal then the project will
shift focus to the tunability of the PE mimics. This will be done with the use of different
branching diols and the changing of the ratio of long to short diol to create different
branching percentages. Several different branched diols were synthesized to be tested in
the polymers. This tunability should allow the creation of HDPE mimics, LDPE mimics,
and any density PE mimic in between. Additionally, a fleet of other diol monomers will
be tested which could allow for subsequent post polymerization modification through
reactions with the side chains of the polymers.

34

REFERENCES
1. Geyer, R., Jambeck, J. R. & Law, K. L. Production, use, and fate of all plastics ever
made. Science Advances 3, e1700782 (2017).
2. Ragaert, K., Delva, L. & Van Geem, K. Mechanical and chemical recycling of solid
plastic waste. Waste Management 69, 24–58 (2017).
3. Rahimi, A. & García, J. M. Chemical recycling of waste plastics for new materials
production. Nat Rev Chem 1, 1–11 (2017).
4. Kameda, T., Ono, M., Grause, G., Mizoguchi, T. & Yoshioka, T. Chemical
modification of poly(vinyl chloride) by nucleophilic substitution. Polymer
Degradation and Stability 94, 107–112 (2009).
5. Fantoni, N. Z., El-Sagheer, A. H. & Brown, T. A Hitchhiker’s Guide to ClickChemistry with Nucleic Acids. Chem. Rev. 121, 7122–7154 (2021).
6. Liang, L. & Astruc, D. The copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC)
“click” reaction and its applications. An overview. Coordination Chemistry Reviews
255, 2933–2945 (2011).
7. Earla, A., Li, L., Costanzo, P. & Braslau, R. Phthalate plasticizers covalently linked
to PVC via copper-free or copper catalyzed azide-alkyne cycloadditions. Polymer
109, 1–12 (2017).
8. Huang, Z., Ding, A., Guo, H., Lu, G. & Huang, X. Construction of Nontoxic
Polymeric UV-Absorber with Great Resistance to UV-Photoaging. Scientific Reports
6, 25508 (2016).

35

9. Rusen, E., Marculescu, B., Butac, L., Preda, N. & Mihut, L. The Synthesis and
Characterization of Poly Vinyl Chloride Chemically Modified with C60. Fullerenes,
Nanotubes and Carbon Nanostructures 16, 178–185 (2008).
10. Haider, T. et al. Long-Chain Polyorthoesters as Degradable Polyethylene Mimics.
Macromolecules 52, 2411–2420 (2019).
11. Tee, H. T., Lieberwirth, I. & Wurm, F. R. Aliphatic Long-Chain Polypyrophosphates
as Biodegradable Polyethylene Mimics. Macromolecules 52, 1166–1172 (2019).
12. Türünç, O., Montero de Espinosa, L. & Meier, M. A. R. Renewable Polyethylene
Mimics Derived from Castor Oil. Macromolecular Rapid Communications 32, 1357–
1361 (2011).
13. Häußler, M., Eck, M., Rothauer, D. & Mecking, S. Closed-loop recycling of
polyethylene-like materials. Nature 590, 423–427 (2021).
14. Chazovachii, P. T. et al. Giving superabsorbent polymers a second life as pressuresensitive adhesives. Nat Commun 12, 4524 (2021).
15. Earla, A. & Braslau, R. Covalently Linked Plasticizers: Triazole Analogues of
Phthalate Plasticizers Prepared by Mild Copper-Free “Click” Reactions with AzideFunctionalized PVC. Macromolecular Rapid Communications 35, 666–671 (2014).
16. Rostovtsev, V. V., Green, L. G., Fokin, V. V. & Sharpless, K. B. A Stepwise Huisgen
Cycloaddition Process: Copper(I)-Catalyzed Regioselective “Ligation” of Azides and
Terminal Alkynes. Angewandte Chemie International Edition 41, 2596–2599 (2002).
17. Napolitano, G. E., Ye, Y. & Cruz-Hernandez, C. Chemical Characterization of a
High-Oleic Soybean Oil. Journal of the American Oil Chemists’ Society 95, 583–589
(2018).

36

18. Proceedings of the Chemical Society. October 1961. Proc. Chem. Soc. 357–396
(1961) doi:10.1039/PS9610000357.
19. Borden, M. A. & Leibfarth, F. A. From disposable diapers to adhesives. Nat. Chem.
13, 930–932 (2021).
20. Reinecke, H. & Mijangos, C. PVC modification with bifunctional thiol compounds.
Polymer Bulletin 36, 13–18 (1996).
21. Rigo, D., Carmo Dos Santos, N. A., Perosa, A. & Selva, M. Concatenated Batch and
Continuous Flow Procedures for the Upgrading of Glycerol-Derived Aminodiols via
N-Acetylation and Acetalization Reactions. Catalysts 11, 21 (2021).
22. Häußler, M., Eck, M., Rothauer, D. & Mecking, S. Closed-loop recycling of
polyethylene-like materials. Nature 590, 423–427 (2021).

37

